Introduction
But in order that a highly evolved function can adequately serve its purpose it is essential that it can control subordinate mechanisms, so the frontal centre became not merely an organ from which ocular movements could be evoked, it acquired also the power of inhibiting inappropriate and undesirable activities of the occipital lobes [1, p. 12] .
The view expressed here by the eminent British neurologist Sir Gordon Holmes, that the frontal cortex controls saccadic eye movements by inhibiting activity in other brain areas, is a widely accepted concept in the oculomotor field and a crucial component of models of saccade control. An inhibitory model of frontal function, particularly of the lateral prefrontal cortex (PFC), has traditionally been supported by a diverse body of evidence, including patients with PFC lesions, functional imaging studies and neurophysiology in the non-human primate model. Despite the compelling support for this model, some of which has come from our own experiments over the past 15 years, we have come to a view radically different from this classical idea-that the PFC does not inhibit unwanted saccades, but instead facilitates goal-directed ones. Espousing a radical view requires reckoning with existing facts, and so we begin with a brief critical discussion of the patient, functional imaging and single neuron recording studies commonly interpreted as supporting the inhibition model. We then discuss potential neural mechanisms by which the PFC could inhibit saccaderelated activity in other brain areas, and present data from our own recent studies in which we simultaneously deactivated the principal sulcus region of the PFC in rhesus macaques and recorded the activity of single saccade-related neurons in the superior colliculus (SC), a midbrain oculomotor structure critical for saccade initiation. These new findings are irreconcilable with the view that the PFC inhibits saccade-related activity in the SC, and suggest instead that the PFC contributes an excitatory signal that facilitates generation of goal-directed saccades. We conclude by discussing an alternative, more general model in & 2013 The Author(s) Published by the Royal Society. All rights reserved.
which the PFC maintains and implements task rules that guide the flow of neural activity, and in which erroneous saccades are a consequence not of attenuated inhibition, but a failure to facilitate the appropriate behavioural goal.
Prefrontal cortex lesions and inhibitory saccade control
The seminal evidence for inhibitory saccade control by the PFC comes from investigations in patients with PFC lesions. Studies using the antisaccade task have been particularly influential in this regard [2] [3] [4] . In this task, participants are instructed to generate a saccade to the location opposite that of a suddenly appearing peripheral visual stimulus. Performance, in this task, is generally contrasted to that in a prosaccade task, in which a saccade towards the peripheral stimulus is the correct response. Two constituent voluntary processes are believed to be essential for correct antisaccade performance; inhibitory control, to override the natural tendency to saccade towards the visual stimulus, and goaldirected saccade generation, to direct a saccade to an empty location in the visual field. Psychophysical evidence from both human participants and non-human primates supports the notion of an inhibitory component in this task. Error rates and reaction times in the antisaccade task exceed those in the prosaccade task, suggesting involvement of an additional fallible and time-consuming inhibitory process. Further, the reaction times of antisaccade errors-responses in which a saccade is directed towards rather than away from the visual stimulus-are similar to that observed on prosaccade trials, suggesting that these errant responses are triggered by the visual stimulus and represent failures of the inhibitory process. Especially in the so-called gap condition, in which the initial fixation point disappears 200 ms before stimulus onset, humans [5] and non-human primates [6, 7] often generate response errors with express saccade latencies [8] , i.e. saccades with very short reaction times that approach the minimal conduction times in the oculomotor system. The foundational evidence for the link between PFC damage and inhibitory saccade control comes from work carried out by Guitton et al. [9] , who used a variant of the antisaccade task to investigate saccade suppression and generation in patients who had undergone unilateral excisions of frontal cortex for treatment of intractable epilepsy. Although this study is one of the most highly cited papers in the oculomotor field, often ignored is the fact that this study used a sort of dual-task design by combining the antisaccade task with a visual discrimination requirement, and that this manipulation impacted substantially the frequency of erroneous reflexive saccades. In this task, subjects were required to report the location of a gap in a briefly flashed square discrimination stimulus presented at various durations subsequent to a flashed cue stimulus. The cue and discrimination stimuli were presented at either the same-on prosaccade trials, or opposite locations-on antisaccade trials. For most patients, the frequency of errors on antisaccade trials diminished or returned to normal as the duration between cue and square presentation increased, or if the discrimination requirement was omitted entirely. This suggests that errors might result not from a failure to inhibit a reflexive saccade per se, but rather an increase in task demands. Surprisingly, most patients exhibited strong bilateral deficits, despite confinement of lesions to a single hemisphere. Many patients also showed substantial increases in the reaction times of correct antisaccades that could be attributed to a difficulty in generating the required voluntary saccade away from the cue stimulus. In many cases, reaction times were consistent with a visual triggering of the correct antisaccade by the appearance of the square discrimination stimulus, not a voluntary internal command. On the whole, the data suggest a complex deficit characterized by a task-demand-mediated deficit in suppression of inappropriate saccades and initiation of voluntary saccades. Noteworthy, in this regard, is the fact that the PFC lesions included the frontal eye fields (FEFs) in most of the patients. In fact, Guitton and co-workers hypothesized that lesions of the FEF or possibly supplementary eye fields lead to difficulties in antisaccade initiation, whereas the ability to suppress inappropriate saccades would require the integrity of a large portion of the frontal lobe. They referred to erroneous cue-directed saccades as 'reflexive saccades' and hypothesized that the lesions resulted in a delay in the generation of a cancellation signal which would act to suppress the so-called visual grasp reflex, a term coined initially by Hess and co-workers based on their experiments in the SC of the cat.
Subsequently, Pierrot-Deseilligny et al. [10] sought to determine directly whether response suppression deficits seen in frontal lobe patients were related to lesions of the FEF or PFC. To this end, they compared error rates and reaction rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068
times of antisaccades in a gap task between groups of patients with recent, relatively small, unilateral cortical infarcts. They reported that PFC, but not FEF, supplementary eye field (SEF), or posterior parietal lesion groups showed an increased frequency of antisaccade errors. Although the PFC lesions were exclusively unilateral, the laterality of deficits exhibited by the patients varied substantially. Some failed to suppress saccades towards ipsiversive stimuli, others towards contraversive stimuli, and many demonstrated bilateral suppression deficits. Despite the seeming consistency of these results with a specific role of the PFC in the suppression of erroneous responses in the antisaccade task, it is now clear that the FEF was mislocalized in this study, with the result that the lesions of some patients in the PFC group also extended into the FEF. Working prior to the advent of high-field functional magnetic resonance imaging (fMRI), the authors placed their region of interest slightly too far ventral in the precentral sulcus. We now know from a large number of fMRI studies that, in humans, the FEF is located at the junction of the superior frontal sulcus and precentral sulcus [11] [12] [13] , further medial than Pierrot-Deseilligny and co-workers had surmised. Two subsequent studies from the same group that examined patients with more restricted prefrontal lesions avoided this problem and localized a putative saccade suppression region in the middle portions of the middle frontal gyrus [14, 15] , which corresponds to Brodmann's area 46 or area 9/46 in the more recent cytoarchitectonic maps of Petrides & Pandya [16] . Patients with unilateral lesions in this area exhibited bilateral increases in error rates, with a notable bias in errors towards the contralesional hemifield. Patients with cortical lesions dorsal to the superior frontal gyrus or ventral to the inferior frontal gyrus, but sparing the middle frontal gyrus exhibited normal error rates in the antisaccade task. This result has also been observed in other studies [17, 18] . To account for the findings of lesion studies, Pierrot-Deseilligny et al. [10] proposed a model in which the PFC, in particular, the region of the middle frontal gyrus, suppresses inappropriate reflexive saccades via projections that inhibit the SC, a midbrain structure critical for saccade initiation. We henceforth refer to this idea as the 'inhibition model' (figure 1).
Evidence from functional imaging
A role of the PFC in saccade suppression has been supported by positron emission tomography and fMRI studies, which have reported increased activation for the performance of antisaccades compared with prosaccades in the PFC (for review, see [19] ). In most of these studies, the locus of activation was in the middle frontal gyrus, although some also found activation in the superior frontal gyrus. Other studies, however, have failed to find any activation in the PFC. Although the reason for these conflicting results is presently unclear, differences in task design may be a potential explanatory factor [20, 21] . Dyckman et al. [21] found higher blood-oxygenation level dependent (BOLD) activation for anti-than prosaccades when the tasks were performed in separate blocks, but not when they were randomly interleaved. They hypothesized that sustained activation of the lateral PFC may be present throughout the mixed task owing to the increased difficulty and more complex response selection requirements engendered by continually switching between the two responses. Consistent with this, subjects occasionally made erroneous responses on prosaccade trials that followed antisaccade trials. While most functional imaging studies could not address whether differences in activity for anti-and prosaccades occur prior to or post-saccade, some event-related studies using long instruction periods [22, 23] , or rapid designs with catch trials [24] , reported that the PFC was more active for anti-than prosaccades during the instruction but not the response period. A direct comparison of the BOLD signal during the late preparatory period also found higher activation in the PFC (as well as in the anterior cingulate cortex and pre-SEF) for correct trials compared with error trials [23] . Greater pre-stimulus activation in the frontal cortex on correct when compared with error trials has also been reported by an event-related potential study [25] . Recently, an electroencephalogram study reported a decrease in ongoing beta-power (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) in frontal cortex on error trials during the preparatory period on antisaccade trials [26] . In general, data from human imaging studies indicate that increased PFC activation, particularly of the region of the middle frontal gyrus, is associated with correct performance on the antisaccade task. This evidence is has been interpreted as supporting the inhibition model.
Neurophysiology in the superior colliculus: fingerprints of inhibitory control
The SC is a midbrain structure with laminar organization that is critical for the initiation of saccades. The intermediate and deep layers receive convergent projections from all cortical saccade-related areas, including the PFC, and project to the saccade generating circuit in the brainstem (for reviews, see [27, 28] ). These layers contain a retinotopic map of saccade vectors for the contralateral hemifield. The influence of cortical areas on the saccade generation process is mediated by direct and indirect projections to the SC. Although some cortical projections target the brainstem saccade generator directly, this pathway alone is insufficient for initiating saccades [29] . The SC is thus the site of convergence and integration of cortical signals and directs, in turn, oculomotor behaviour. This, coupled with the proposal that the PFC inhibits this structure, makes it an ideal point of departure for studies investigating the role of inhibitory cortical signals for saccade suppression in the antisaccade task. The SC contains neurons exhibiting a variety of response properties, including fixation-related activity, low-frequency 'build-up' activity preceding the onset of saccades, responses to visual stimuli and robust saccade-related bursts of activity. The link between SC activity and saccade generation has often been conceptualized as a complementary relationship between neurons with fixation-related activity, located in the rostrolateral pole of the SC, and those with saccaderelated activity, in more caudal SC regions [30, 31] . In the late 1990s, Munoz and Everling investigated the activity of single SC neurons in macaque monkeys performing proand antisaccade trials [7, 32] . Animals were instructed which of the two responses to perform based on the colour of a central fixation stimulus. Fixation and saccade-related neurons exhibited complementary activity that differed between pro-and antisaccade trials. During the instruction period prior to onset of the peripheral visual stimulus, in which animals prepared to perform the correct response, but had insufficient information to programme the direction of the forthcoming saccade, fixation neurons exhibited tonic activity rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068 that was greater on anti-than prosaccade trials. By contrast, build-up neurons, a subtype of SC saccade-related neuron characterized by a steady increase of low-frequency activity prior to the onset of saccades, exhibited the inverse pattern; activity was lower on antisaccade than prosaccade trials. Many trials included a gap manipulation, in which the fixation stimulus was extinguished just before the onset of the peripheral visual stimulus. During the gap, the tonic activity of fixation neurons declined, and the difference in activity between pro-and antisaccade trials was reduced. Conversely, the steady increase in activity exhibited by build-up neurons was enhanced, and activity differences between pro-and antisaccade trials were maintained. The level of this pre-stimulus build-up activity was negatively correlated to the reaction times of saccades; greater activity was associated with reduced reaction times. No such relationship was observed for fixation neurons.
When a visual stimulus is presented within the circumscribed region of space in the contralateral hemifield that defines the response field of an SC neuron, a subset of intermediate layer SC saccade-related neurons discharge a transient burst of action potentials. This visual discharge is accompanied by a suppression of activity of saccade-related neurons in the SC on the opposite side of the brain. This push -pull relationship between activity in the left and right SCs is mediated by intercollicular inhibition [33, 34] , and prevents simultaneous programming of incompatible saccades. On prosaccade trials, this visual response was followed closely by a burst of activity beginning just prior to generation of the saccade into the neuron's response field. By contrast, on antisaccade trials, requiring a saccade away from the visual stimulus in the response field, the visual response was attenuated, and followed by a similarly attenuated motor burst in the opposite SC, accompanying generation of the correct saccade away from the peripheral visual stimulus. During this time, the activity of fixation neurons declined to minimal levels for both types of trials. To evaluate directly the link between SC activity and antisaccade performance, activity on erroneous antisaccade trials, in which animals made saccades towards the visual stimulus, was compared with that on correct antisaccade trials [7] . Response errors were characterized by an increase in the pre-stimulus activity of build-up neurons and a burst of action potentials that occurred at roughly the same time as the visual response on correct trials but was of significantly greater magnitude. Very similar discharge patterns have been observed in FEF neurons [35, 36] , including those electrophysiologically identified as projecting to the SC [35] .
These findings indicate that two critical conditions must be met for correct antisaccade performance. First, the activity of saccade-related neurons preceding stimulus onset must be reduced. Second, the visual responses of saccade-related neurons stimuli must be attenuated. Munoz & Everling [3] formalized these conditions in a thresholded accumulator model. According to this model, activity of saccade-related neurons grows towards a fixed threshold, and a saccade is triggered when this level of activity is exceeded. For correct antisaccade execution, pre-stimulus and visual activity must be reduced so that they do not exceed threshold and trigger an erroneous prosaccade. The link between attenuated activity and correct antisaccade performance suggested an inhibitory mechanism that suppresses the activity of saccade-related neurons. Such a mechanism could be either local, in the form of fixation neuron activity, or distant, in the form of a top-down signal (figure 1). A local fixation neuron-based explanation seems unlikely, as single neuron recordings of fixation neuron activity have failed to find differences between correct and erroneous antisaccade trials, as would be expected if these neurons were responsible for local suppression of saccade-related neurons (S. Everling & D. P. Munoz 1998, unpublished data) . This contrasts with observations in the saccade countermanding task, in which saccades cancelled successfully in response to an imperative stop signal are associated with an increase in fixation neuron activity [37] . It is possible, however, that this activity is simply a response to the reappearance of the foveal fixation stimulus, which serves as the stop signal in this task. Altogether, the results of SC recordings in the anti saccade task are suggestive of an extracollicular inhibitory influence on saccade-related activity that enables correct task performance.
Linking inhibitory control and neural mechanisms
Based on the above-described data from patients with PFC lesions, functional imaging results, and single neuron recordings in the SC of macaques during performance of the antisaccade task, Munoz & Everling [3] hypothesized that lesions of the PFC would result in an elevation of pre-stimulus activity in the SC, which would sum with the incoming visual response to trigger direction errors. This conceptualization was consistent with the inhibition model as proposed by Pierrot-Deseilligny et al. [10, 38] , and extended it by making explicit the potential neurophysiological mechanisms instantiating the inhibitory process. This extended model proposed a direct mapping between the cognitive process of inhibitory control and physiological states in the PFC and SC, and can thus be considered a linking proposition [39, 40] . This could be formally stated as follows: the cognitive process of inhibitory control corresponds to some physiological state of activity in the PFC that engages a mechanism causing inhibition of saccade-related activity. At least three potential inhibition mechanisms have been proposed: (i) the PFC inhibits the FEF through corticocortical projections, (ii) the PFC inhibits the SC directly through corticotectal projections, and (iii) the PFC inhibits the SC by activating an indirect saccade suppression pathway through the basal ganglia. Although all three pathways could, in principle, transmit an inhibition signal to saccade-related neurons in the SC, the plausibility of any neurophysiological explanation is constrained by the structural architecture of the system in question. Put another way, if one structure is to inhibit another, then it must be connected to it in a manner that that allows it to do so. Long-range corticocortical projections are made by pyramidal neurons, which are exclusively excitatory [41] . Inhibition of FEF by the PFC, as proposed above, would require that PFC neurons predominately target inhibitory FEF interneurons. This possibility seems unlikely given the results of a recent study that examined the reverse projection, from FEF to area 46, and found that 95% of retrogradely labelled synapses were with dendritic spines of pyramidal neurons in area 46 [42] . Only the remaining 5% of synapses targeted smooth (putative g-aminobutyric acid (GABA)ergic) and spiny neurons in about equal proportions. Similarly, the great majority of corticotectal fibres-projecting from the cortex to the SC-target the ipsilateral SC [43] [44] [45] . These projections originate from pyramidal neurons and are thus also rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068 excitatory [41, 46] . This architecture dictates that PFC-mediated inhibition would have to occur in the ipsilateral SC, and that suppression of SC saccade neurons must be carried out via excitation of either fixation neurons in the rostral SC or inhibitory interneurons in the ipsilateral SC (figure 1). Although proposed by several investigators [47, 48] , an activation of fixation neurons seems an unlikely mechanism, for reasons discussed above. This suggests that, if the inhibition model is correct, excitatory cortical inputs to SC inhibitory interneurons is the mechanism of suppression of SC saccade-related activity.
Relatively little is still known about the pathway through the basal ganglia [49] . The majority of corticostriatal PFC fibres terminate in the ipsilateral caudate nucleus [50] . There are, however, a smaller number of axon collaterals that cross the midline and terminate in the contralateral caudate nucleus [50] . Caudate projection neurons are inhibitory and usually silent, but respond phasically to specific task events, including stimulus and saccade onset [51, 52] . Roughly half of these medium spiny neurons in the caudate suppress directly the tonic inhibitory activity of the substantia nigra pars reticulata (SNr) which, in turn, facilitates saccade generation (direct pathway). The other half of the medium spiny neurons project to the globus pallidus external segment (GPe; indirect pathway) [53] . Because GPe neurons are inhibitory [54] , their inhibition leads to an increase in activity in the subthalamic nucleus (STN). Activation of the STN excites SNr neurons via an excitatory projection from STN to SNr [55, 56] ; thus, the SNr increases tonic inhibition on neurons in the SC, thereby suppressing saccade initiation.
Ford & Everling [57] proposed that the PFC inhibits contralateral saccades by projections to the ipsilateral indirect pathway. By contrast, Watanabe & Munoz [49] have suggested that voluntary cortical saccade commands are sent to both the ipsilateral direct pathway and to the contralateral indirect pathway. More work is required to determine the potential contribution of basal ganglia pathways to the inhibition of saccades.
Putative suppression signals and single neuron activity in the lateral prefrontal cortex
To evaluate the link between PFC activity and inhibitory control in the antisaccade task, it is obviously necessary to investigate directly the responses of PFC neurons during antisaccade performance. Several single neuron recording studies have shown that about a quarter of randomly sampled neurons in the lateral PFC have different levels of activity between pro-and antisaccade trials during the preparatory period prior to stimulus presentation [58, 59] . To rule out the possibility that these differences might be related to the visual properties of the fixation stimulus, the colour of which instructed the animals which task to perform in previous studies, Everling & Desouza [58] designed a task paradigm in which monkeys performed alternate blocks of pro-and antisaccade trials in the absence of an explicit instruction cue. In this paradigm, the task rule was acquired by trial and error based on the delivery or omission of reward after each trial. PFC neurons exhibited task-selective preparatory activity that persisted throughout the task blocks and discriminated between correct and erroneous responses. No clear preference for either the pro-or antisaccade task was found in the population of PFC neurons; roughly half had greater activity on prosaccade than antisaccade trials, with the other half exhibiting the inverse pattern of selectivity. A subsequent analysis sorted the population of PFC neurons into subgroups of pyramidal and putative interneurons using the waveform durations of the extracellularly recorded action potentials [60] . This analysis revealed evidence for opponent coding of task-selective responses of PFC neurons. Putative pyramidal neurons exhibited greater activity on antithan prosaccade trials, whereas putative interneurons showed the inverse pattern of activity. Because pyramidal neurons are the output neurons of the cortex, enhanced responses on antisaccade trials could represent a suppression signal consistent with the inhibition model, if sent to the SC. This is, indeed, the case. Enhanced activity on antisaccade trials is observed in PFC neurons electrophysiologically identified as sending a projection to the SC [48] . Studies investigating the responses of PFC neurons in the antisaccade task demonstrate selective responses consistent with a reduction of activity in oculomotor circuits prior to visual stimulus onset, and a suppression signal that follows peripheral stimulus presentation. Activity differences are observed during preparatory periods, in which animals have acquired knowledge of the type of trial to be performed, but not the direction of the upcoming response. Following stimulus onset, this selective PFC activity is maintained until roughly 130 ms following stimulus onset, at which time activity rises selectively on antisaccade trials [48, 60] . Prima facie, when considered together with data from single neuron recordings in the SC, such responses certainly 'look like' what would be expected on the basis of the inhibition model-a sustained increase in activity of PFC output neurons prior to stimulus presentation, and a more phasic response following stimulus presentation, seemingly consistent with a suppression or cancellation signal, coupled with reduced preparatory and stimulus-related activity in the SC. Indeed, we hypothesized initially that this was the case [48, 60] . This putative link between neural activity and the cognitive process of inhibitory control begins to fray under closer scrutiny however, particularly when the temporal relationship between the phasic post-stimulus PFC response and SC activity is considered. Figure 2 shows a direct comparison between the timing of responses of task-related putative pyramidal PFC neurons [60] and SC neurons on pro-and antisaccade trials. These data were recorded from adult rhesus monkeys in the same behavioural setups with the same amplifiers in our laboratory. For the SC recordings, monkeys were cued by the colour of the central fixation point which task to perform, whereas in the PFC recordings they had to alternate between uncued blocks of pro-and antisaccade trials. Note that although the animals performed different versions of the pro-antisaccade paradigm, saccadic reaction times were not longer for the PFC recordings. This direct comparison of the time courses of neural activity on pro-and antisaccade trials in the PFC and SC shows that differences between the two tasks emerged later in the PFC than in the SC. When measured with a sliding receiver operating characteristic (ROC) analysis on baselinecorrected neural activity in 10 ms intervals [60] , significant differences in the stimulus-related response of SC neurons emerged already at the onset of the phasic response (54 ms after stimulus onset), whereas the putative PFC suppression signal began much later at about 155 ms after stimulus onset. The transmission time between PFC and SC averages approximately 6 ms [48] . Therefore, the PFC signal arrives at the SC rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068 too late to influence the initial visual response. Thus, PFC neurons are logically incapable of providing a post-stimulus cancellation signal.
Challenging the inhibitory model: prefrontal cortex deactivation and stimulation
While the studies that we have reviewed so far are consistent with a role of the PFC in the suppression of preparatory activity in the SC, two studies that manipulated PFC activity in non-human primates have yielded results that are difficult to reconcile with the inhibition model. These and the following studies have focused on the caudal principal sulcus, the homologue of the middle frontal gyrus in humans [16, 64] .
To understand the mismatch between these results and the inhibition model, it is helpful to consider in detail the neural circuit, putative inhibitory mechanism and predictions of the model ( figure 1) . Consistent with the known corticotectal projections of the PFC, the inhibition model proposes that a suppression signal, instantiated by enhanced PFC activity, is sent to the ipsilateral SC and leads to a reduction in activity of SC saccade-related neurons [10, 15, 38, 48, 60] . The sign inversion necessary to transform an excitatory PFC input to an inhibitory effect is proposed to be mediated by excitation of either SC fixation neurons or inhibitory interneurons. Recalling that the SC contains a vector map of saccades to the contralateral hemifield, the model predicts a PFC-mediated inhibition of the ipsilateral SC, which would suppress contraversive saccades. A secondary effect would be a reduction of intercollicular inhibition resulting in increased activity of the contralateral SC, and a facilitation of ipsiversive saccades. According to the inhibition model then, unilateral deactivations of the PFC should result in increased activity in the ipsilateral SC-facilitating contraversive saccades, and decreased activity in the contralateral SC-suppressing ipsiversive saccades. Unilateral deactivations of the PFC by injections of the GABA agonist muscimol into the ventral or dorsal bank of the caudal principal sulcus resulted in effects opposite this prediction; a failure to suppress task-inappropriate ipsiversive saccades in the antisaccade task, whereas the ability to suppress inappropriate contraversive saccades improved [65] . In addition, electrical microstimulation of sites in the dorsal bank or fundus of the caudal principal sulcus, which would be expected to enhance the inhibitory effects of the PFC, facilitated contraversive pro-and antisaccades, in the form of decreased reaction times, and increased the frequency of antisaccade errors when the stimulus was presented on the contraversive side [66] . These results are not consistent with the inhibitory model, but suggest an alternative conceptualization, in which the PFC either excites the ipsilateral SC or inhibits the contralateral SC.
The most direct test of the contribution of the individual components of a neural circuit to the output of the circuit as a whole is to deactivate one component while simultaneously monitoring circuit output. To assess directly the inhibition model, we carried out a series of studies in which we cryogenically deactivated the PFC while simultaneously recording the activity of SC saccade-related neurons in monkeys performing pro-and antisaccades [61] . We found that unilateral deactivation of the PFC resulted in changes in SC activity, which were not consistent with the inhibition model [67] . Contrary to this model, which would predict removal of a net inhibitory input to result in increased activity in the ipsilateral SC, and a decrease in the contralateral SC, we found that the activity of many build-up neurons in the ipsilateral SC decreased, whereas those in the contralateral SC showed an increase in activity during the pre-stimulus period on proand antisaccade trials ( figure 3a,b) . We found also that the onset of saccade-related activity in the ipsilateral SC was delayed significantly (figure 3b). Finally, we found that the stimulus-related response increased in the contralateral SC on antisaccade trials, and that it decayed more slowly during cooling (figure 3b). These changes in neural activity were mirrored by an increase in saccadic reaction times for contraversive saccades and a decrease for ipsiversive saccades. Error rates were increased on trials in which stimuli were presented in the hemifield ipsilateral to the cooled hemisphere and decreased for trials on which the stimulus was presented to the contralateral [60] and (b) saccade-related neurons in the superior colliculus (SC) on antisaccade (red/light) and prosaccade (blue/dark) trials when the stimulus is presented into the neuron's response field [61] . Activation waveforms were obtained by convolving each spike with an asymmetric function that resembled a postsynaptic potential [62, 63] . Shaded envelopes depict within-subjects standard error of the mean discharge rate. Arrows indicate the mean reaction times of proand antisaccades in the two datasets. The onset of significant differences between pro-and antisaccade trials in the populations of PFC and SC neurons is indicated by vertical dashed lines. Onset was determined by bootstrap analyses on data from 10 ms sliding ROC analyses (for details, see [60] ). (Online version in colour.)
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hemisphere. These results demonstrate that, contrary to the proposal of the inhibition model, unilateral PFC deactivation leads to activity decreases in the ipsilateral, and increases in the contralateral SC. We hypothesized that the mechanism responsible for this change was a neural imbalance between the two SCs effected by removal of an excitatory input to the ipsilateral SC.
To avoid the neural imbalance problems associated with unilateral deactivations, we also carried out bilateral PFC deactivations while recording SC activity [61] . Bilateral PFC deactivation significantly reduced the levels of pre-stimulus activity in the SC on both prosaccade (figure 3c) and antisaccade trials (figure 3d) and effectively abolished the normally robust differences in SC preparatory activity between the two tasks. The initial magnitude of the stimulus-related response did not vary between cooling and non-cooling trials in the antisaccade task ( figure 3d) ; however, the stimulus-related activity decayed more slowly on cooling trials. Moreover, the motor burst for the antisaccade was delayed on cooling trials (figure 3d). Reaction times of pro-and antisaccades were increased, and error rates increased on antisaccade trials. Error rates increased particularly on those trials which required the animals to retain temporarily the task instruction in working memory prior to the onset of the peripheral stimulus ( figure 4a ). An important finding was that although the monkeys generated a large proportion of errors on these memory antisaccade trials (figure 4a), those errors had latencies outside of the range of express saccades (figure 4b), suggesting that errors were not the result of a visual triggering of incorrect saccades towards the visual stimulus. Even when we tested the effects of bilateral principal sulcus cooling on the performance of a gap saccade task in one monkey, we found that although cooling increased the number of errors (figure 4c), it did not increase the percentage of errors with express saccade latencies (figure 4d). When we compared directly the activity on correct and error trials, we found that pre-stimulus activity was reduced on error trials, and that the magnitude of the initial stimulus-related response was not increased but rather prolonged in such a manner that it did not slowly decline as on correct trials, but increased until it culminated in a saccadic Figure 3 . Effects of caudal principal sulcus cooling on the activity of saccade-related neurons in the superior colliculus on control (red/light) and cooling (blue/dark) trials. Blue patches indicate the deactivation sites. Activity was combined for correct and error trials (same stimulus location but opposite saccade direction). (a) Activity on antisaccade trials on which the stimulus was presented contralateral to the cooled principal sulcus. Data were obtained in a gap saccade task [68] . (b) Same as (a) but on trials on which the stimulus was presented ipsilateral to the cooled principal sulcus. (c) Activity on prosaccade trials in the bilateral deactivation condition in a task that required monkeys to retain the task instruction for 500-700 ms [67] . ( rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068 motor burst [61] . We found no indication in the activity of SC saccade-related neurons that the antisaccade was prepared when monkeys made performance errors. In addition to increased reaction times and error rates on antisaccade trials, we found also that monkeys were generally less vigilant during task performance, failing to initiate or aborting trials more often during cooling. The inhibition hypothesis predicts that PFC deactivation should lead to increased activity in the ipsilateral and decreased activity in the contralateral SC. We found that unilateral PFC deactivation resulted in the opposite pattern of results [67] , and that bilateral deactivations resulted in decreases in preparatory activity in the SC [61] . These findings demonstrate that the caudal principal sulcus region provides a direct or indirect excitatory drive to saccade-related SC neurons, rather than activating ipsilaterally projecting intratectal inhibitory neurons or commissural intratectal inhibitory neurons. We hypothesize that motor activity for antisaccades leads, via commissural inhibition, to the suppression of the stimulus-related response. On cooling trials, the antisaccade motor activity is delayed, thereby allowing the stimulus-related activity in the other SC to increase towards saccade threshold. Based on these experiments, we suggest that errors in schizophrenia and frontal lobe patients occur, because the antisaccade programme often starts too late, which allows the system to default to a prosaccade mode.
If not inhibition, then what? Prefrontal cortex encodes the task rule
Evidence from studies using a variety of methods to investigate the neural basis of inhibitory control using the antisaccade task had supported the inhibition model. Our recent findings, however, are incompatible with this model. Single neuron recordings of PFC neurons have revealed that the increases in PFC activity we have observed on antisaccade trials begin too late to arrive at the SC in time to provide a saccade suppression or cancellation signal. Studies in which we have recorded SC neurons while deactivating the PFC have revealed that neural activity in the SC is altered in a manner opposite to that predicted by the inhibition rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130068 model. We therefore conclude that the lateral PFC does not inhibit automatic saccades by suppressing SC activity. We support instead a heterodox view in which the PFC provides an excitatory input to the SC that acts to facilitate behavioural goals. We argue that these facilitatory signals provide a mechanism for implementing behavioural rules, and as such are consistent with another current view of PFC function; that it is responsible for the encoding and implementation of task sets and task rules [68, 69] . If the lateral PFC does not provide a saccade suppression signal, why do patients with PFC lesions generate more response errors in the antisaccade task? Why have functional imaging studies found higher activation for anti-than prosaccade trials in the lateral PFC and more activation for correct responses than errors, and why do monkey PFC neurons exhibit task-selectivity for pro-and antisaccades?
The increased errors of patients with lateral PFC lesions have been interpreted as failures to suppress reflexive or automatic saccades [9, 10, 14, 15, 38] . Our deactivation experiments have shown that the increased errors have reaction times outside of the range of express saccades and that the initial stimulus-related response is not increased on error trials [61, 67] (figure 4b,d) . Unfortunately, almost none of the human lesion studies have reported the reaction times of response errors. However, inspection of some of the eye traces in Guitton et al.'s [9] study shows that very few errors were in the range of express saccades and Walker et al. [18] reported that their patient, who was completely unable to perform antisaccades, had mean response error latencies of 162 ms, i.e. clearly longer than express saccades [70] . Similarly, although often described as automatic or pre-potent responses, response errors of schizophrenic patients in the antisaccade task are also typically not in the express saccade range (R. Lencer 1998, personal communication).
It has been known for a long time that patients with frontal lobe damage may understand and remember task instructions, but are unable to use the instructions to control behaviour [71, 72] . This deficit has been termed 'goal neglect' [73, 74] . Our data suggest that response errors of patients with frontal lobe damage or schizophrenia are not the result of an inhibition deficit, but of a failure to maintain and implement the proper task set. Neural correlates of task set failure have been observed in the FEF in a modified visual search task that required monkeys to make either a prosaccade towards a colour singleton, an antisaccade to the location opposite the singleton, or, on no-saccade trials, to withhold a saccade. In this study, the task rule was instructed by the shape of the colour singleton. Interestingly, the majority of errors on no-saccade trials were antisaccades, and this behaviour was consistent with the unnecessary selection of movement endpoints by FEF neurons which was often observed on nosaccade trials [75] . It seems plausible to suggest that erroneous antisaccades in this case resulted from a failure to implement the 'no saccade' rule, perhaps because extensive training biased activity in favour of antisaccade performance. Our own data also support the notion of task set failure. We observed that errors are increased during bilateral prefrontal cooling when monkeys have to briefly memorize the task instruction (figure 4a). In fact, we hypothesize that the increase in error rate in the gap task during cooling is also owing to the brief delay (200 ms) between the disappearance of the coloured central fixation stimulus, which serves as the task cue, and the appearance of the peripheral stimulus (figure 4c).
According to our hypothesis, performance should deteriorate further if the delay interval during which the animal has to maintain the task rule is increased. Preliminary data obtained from one animal seem to support this hypothesis (figure 4e). This monkey generated more response errors on antisaccade trials in the long (1000-1200 ms) than short delay (500-700 ms) condition.
Functional imaging studies have shown that the lateral PFC is not just active when subjects have to inhibit responses as in the antisaccade task or no-go task, but that the area in and around the inferior frontal sulcus is activated together with the anterior insula/frontal operculum, the dorsomedial frontal cortex, and cortex in and around the intraparietal sulcus across tasks with a multitude of different cognitive demands, including response selection, executive control, working memory, episodic memory and problem solving [76] . Because of its activation across a wide variety of cognitive demands, this network of cortical areas has been termed the multi-demand (MD) system. Duncan [77] suggested that the MD system organizes relevant facts, rules and requirements into a 'task model' that then drives activity in large parts of the brain to perform the required task. This idea is consistent with experiments on single neurons in the primate lateral PFC in nonhuman primates. These studies have found that a large proportion of PFC neurons code various aspects of whatever task a monkey has been trained to perform (stimuli, responses, rules, rewards) and that the coding changes when the animal must perform a different task [78] . We propose that the taskselective activity that we observed in the monkey lateral PFC for pro-and antisaccades is the neural instantiation of the behavioural rules for these two oculomotor tasks. A recent neural modelling study has shown that neurons which are connected with random synaptic strengths to neurons representing the task rule, and neurons representing sensory inputs neurons resemble the activity profiles of recorded lateral PFC neurons [79] . Although our results stand in opposition to the inhibitory model of antisaccade performance, it is unclear whether this result extends to other oculomotor tasks, or inhibitory control in general [80] . The saccade countermanding task requires withholding a saccade in response to an imperative stop signal [81] . In contrast to the antisaccade task, successful countermanding requires rapid triggering of a stop process after a peripheral visual stimulus has been presented, and a saccade to its location prepared. Our PFC recordings suggest that phasic responses in this area are too sluggish to effectively implement a stop process; the stop signal reaction time in the countermanding task is typically less than 100 ms in macaque monkeys [81] , whereas the latencies of the signals we observed were well more than 100 ms. The relevant experiments investigating the effects of PFC deactivation on countermanding performance have not been carried out however, so it remains an open question as to whether the PFC is involved in engagement of the stop process, or encodes more contextual aspects of this task. Combined neurophysiological and deactivation based investigations of the role of the PFC in other aspects of cognitive control that may depend on an inhibitory substrate such as interference control [82] similarly await completion. Such studies, particularly if extended to include other PFC subregions, promise to clarify the long-held view that inhibitory control is a cardinal function of the PFC. 
